Abstract-Interoperable distributed energy resources (DER), including photovoltaic (PV) inverters, are capable of providing a number of grid services by receiving commands from grid operators, aggregators, or other third parties. In many control scenarios, the grid operator must determine the operating mode and parameters for the devices to achieve a specific control objective. In this paper, we experimentally validate a distributed technique to achieve optimal DER reactive power operating points for distribution circuit voltage regulation using extremum seeking control. The method is demonstrated with physical and virtual DER connected to multiple hardware-in-the-loop distribution circuit simulations. This paper demonstrates PV inverters with realistic communication interfaces can receive real-time control signals from an aggregator and adjusting their reactive power to minimize voltage deviations. Simulations were conducted with fixed and variable solar irradiance to demonstrate the robustness of the approach.
impedance lines at the ends of radial feeders. Historically, voltage swings were corrected by load tap changing transformers, capacitor banks, and other voltage regulation equipment. However, new grid code requirements in California, Hawaii, and at the national level in IEEE 1547-2018 [2] are requiring newly installed DER to include voltage regulation capabilities.
These new functions are either autonomous functions-e.g., the volt-var function-or commanded active or reactive power setpoints [3] . Using autonomous functionality (e.g., volt-var) to perform voltage regulation has many benefits including speed and simplicity. However, it does not achieve the global optimal operation for a DER fleet because each DER does not have visibility into the rest of the circuit [4] . To reach an optimal setpoint for the DER equipment, more sophisticated techniques combining state estimation and central control are often proposed [5] .
These methods rely on fast optimization algorithms, knowledge of the circuit state and topology, line ratings and distances, transformer and DER locations, and bidirectional communications from an advanced distribution management system or DER management system (DERMS) to set the power factor (PF) or reactive power contribution of each DER. Real-time grid simulations are necessary to produce optimal DER setpoints, but these are often infeasible in practice because distribution system operators do not have in-depth knowledge of their system or where the DER equipment is interconnected.
Herein, we investigate a method that does not require knowledge of the feeder topology or real-time grid simulations or optimization routines. DER extremum seeking control (ESC) implementation enables coordinated operation of multiple DER to produce near-optimal system-wide control. By broadcasting real-time information on a preselected fitness function, each DER can adjust its output to move the system toward the global optimum. This does not depend on a priori knowledge of the distribution system topology, DER sizes or locations, or renewable energy power generation or forecasts. A more detailed comparison and discussion of ESC, volt-var (VV), and PF DER voltage regulation methodologies, accuracies, and other tradeoffs is provided in [4] .
ESC can enable behind-the-meter DER to provide distribution and bulk system services and expand the revenue streams for the DER equipment through aggregated market participation [6] . In prior work, the algorithm was tuned in simulation to provide distribution voltage regulation [7] and experimentally demonstrated to maintain ANSI C84.1-2011 [8] Range A limits 2156-3381 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. and reach near-optimal setpoints for multiple DER on a simple distribution circuit [4] . In this paper, we demonstrate the ability of the ESC algorithm to operate with physical and virtual PV inverters with realistic-communication interfaces connected to a larger power hardware-in-the-loop (PHIL) distribution circuit simulations. The experiments were also conducted with variable PV irradiance to demonstrate the robustness of the approach. The objective of this paper is to increase the technology readiness level of the ESC voltage regulation to a point where utility field demonstrations are possible.
II. ESC IMPLEMENTATION
ESC is a real-time optimization technique for multiagent, nonlinear, and infinite-dimensional systems [7] . The decentralized, model-free control algorithm operates by adjusting system inputs (e.g., reactive power) to optimize measured outputs (e.g., feeder voltage). While there are many forms of an ESC, the method discussed herein adjusts system inputs u via use of a sinusoidal perturbation, demodulates system outputs J(u) to extract approximate gradients, and finally performs a gradient descent.
A block diagram of the approach is shown in Fig. 1 . The parameters k, l, h, a, and ω are chosen by the designer. In addition to choosing unique probing frequencies for each controllable DER, one must ensure that l and h << ω thereby ensuring proper operation of the high-and low-pass filters in each ESC loop. The reader is invited to refer to [7] for more detail regarding the configuration of ESC for this activity.
For this paper, the ESC optimization function was based on the voltage regulation problem in [4] and [7] . The optimization objective function for the simulations is given by
where V i is the voltage measurement at bus i and V n is the nominal voltage (e.g., 240 V AC ), C i is the bus i voltage deviation weighting, α is the reactive power scaling factor, and u j is the reactive power target of inverter j without the probing signal.
For the experiments in this paper, all C i values were set to the same value so all the buses were weighted evenly. The regularization term (J 2 ) is included to ensure convergence to a unique globally optimal solution and encourage the DER to maintain similar excitations (reactive power directions). We assume there are measurements on all the feeder buses in these experiments, but any subset of the buses could be measured to construct the objective function. Fig. 2 illustrates one paradigm for the implementation of ESC at a utility: a centralized control center collects data from the circuit (A), calculates the objective function (B), and sends the objective function to all inverters (C) where individual inverters extract their frequency-specific effect on the objective function and adjust their output to trend toward the global optimum (D). The power system voltage measurements could be taken from PV inverters, smart meters with polling capabilities, substation SCADA equipment, phasor measurement units, or other interoperable field measurement equipment.
III. PHIL TESTBED
The power hardware-in-the-loop simulations were conducted with an Opal-RT OP5600 real-time digital simulator running distribution feeder models in RT-Lab with an 80 μs timestep. The following two different feeder models were used for the experiments.
1) A fictitious 7-bus 240 V feeder model depicted in Fig The model was converted to a MATLAB/Simulink 17-bus model from the original 217-bus OpenDSS model using the circuit reduction techniques in [9] [10] [11] . The feeder has ∼440% PV penetration with 11.2 MW p of PV and a 2.6 MW peak load, but generally does not experience voltage issues because of the low impedance lines. To complete the PHIL experiments, a physical 3.0-kW inverter was interfaced to the power simulation via a 180 kVA Ametek RS180 grid simulator. The current waveform was measured by a Pearson CT110 and returned to the power simulation via an analog input channel. The dc side of the inverter was connected to an Ametek PV simulator configured to represent a 3.0 − kW p silicon PV system. Calibration of the PHIL system against OpenDSS models for a range of PFs (−0.85-0.85) were conducted. After calibrating the PHIL filters, the simulations with the scaled 3-kW PV inverter produced ∼5% error in bus voltages compared to OpenDSS simulations [12] .
In addition to the physical inverter, simulated PV inverter systems were connected to the real-time power simulations. The PV inverters were developed by the Electric Power Research Institute (EPRI) [13] to demonstrate advanced inverter functions including connect/disconnect, PF, volt-var, active power curtailment, frequency-watt, etc. The simulated inverters are created using a Windows executable that allows 100+ simulated inverters to be generated with unique master resource identifiers and communication parameters that instantiate IEEE 1815 (DNP3) and SunSpec Modbus communication interfaces. The EPRI-developed OpenDERMS [14] software tool uses a protocol driver agent (PDA) to take generic DER commands from the OpenDERMS and issue them via DNP3 DNP Application Note AN2013-001 [15] or SunSpec Modbus to the EPRI PV systems. For this project, the physical PV system was controlled using SunSpec Modbus RTU while communications to the EPRI PV simulators was via DNP3 issued from the PDA.
The EPRI PV simulator determines the active (P) and reactive power (Q) from the inverters based on the irradiance, grid voltage and frequency, and the grid-support settings. The P/Q values are transferred to the Opal-RT environment using a fast transmission control protocol messaging tool called data bus, or DBus for short. The DBus exchange also passes the nodal voltages back to the EPRI simulator to represent the power simulation status in the devices. The P/Q values are injected into the power simulation using a phase-locked loop (PLL). The P/Q values are injected into the power simulation using a power injector which uses an in-quadrature PLL to extract the magnitude and phase information at the point of common coupling (PCC) [16] . Current is measured at PCC and then transformed into its direct-quadrature components and regulated by means of a proportional-integral controller to set the active and reactive power components. DBus communications exchanges were conducted every 200 ms so delays between the inverter output changes and updates to the PLL < 0.2 s.
As shown in Fig. 4 , the J 1 term of the objective function is calculated in the Opal-RT simulation in real-time and exported as a scaled analog 0-10 V signal that is measured and saved using a National Instruments LabVIEW data acquisition system. This value is imported into the ESC controller running within the SunSpec system validation platform (SVP) [17] . The SVP is a software tool for coordinating the actions of laboratory equipment, data acquisition systems, and DER equipmenttypically employed for DER interconnection and interoperability certification testing [18] -but in this paper, it ran the ESC controller.
The SVP calculates the objective function, and issues the reactive power setpoint to each inverter using the PF function. To determine the appropriate PF setting for each device, the available active power was measured and appropriate PF was issued to generate u. This measurement process is necessary because, as the solar irradiance changes, the PF setting to generate a specific reactive power also changes. This is illustrated in the Fig. 5 , wherein the irradiance of a PV system changes from 1000 to 500 W/m 2 . When that change occurs, the available active power of the system is cut in half and the PF to reach the reactive power target u changes from cos (φ 1 ) to cos (φ 2 ). It should be noted that some inverters include a grid-support function that directly sets the reactive power level, e.g., IEC 61850-90-7 VV13 [19] and IEEE 1547-2018 constant reactive power mode [2] , in which cases this calculation is performed internally.
In the future, the SVP will include DNP3 drivers which can issue commands to the simulated EPRI inverters directly, but for this project, the SVP interfaced with the PDA through two client/server interfaces. In the first, a hypertext transfer protocol (HTTP) client was created in the SVP for each of the EPRI simulators which issued PF commands to the devices using JavaScript Object Notation packages to the PDA server. In the second, a separate server was created on the SVP Windows computer to capture monitored data (P/Q values) and provide it to a second client in the SVP. The monitoring data is sent by the PDA at a user selected rate, but set to 500 ms to represent realistic polling rates for field equipment. The ESC loop in the SVP takes 1.1-1.2 s to complete. This loop rate is critical to understand, as it determines the minimum probing frequencies, ω, that the ESC can use.
IV. EXPERIMENTAL RESULTS
Several experiments were conducted to tune high-and lowpass filter parameters (l, h), probing frequencies.
(f = ω/2π), and probing amplitudes (a). Filter critical frequencies (l, h) were selected to be an order of magnitude smaller than the probing frequency (i.e., 0.1ω). The a parameter was selected for each DER to produce an observable response in J (i.e., a proper signal to noise ratio). The gain on the integrator k, which is analogous to the step size in a steepest descent method, was chosen to balance simulation convergence time with accuracy (i.e., a smaller neighborhood of convergence). Based on prior experiments, it was found that with the delays associated with data collection and DER communications that frequencies >0.1 Hz produced inconsistent results due to ∼2 s latency between sending the u commands and obtaining the new objective function.
A. Seven-Bus Feeder Results
The first experiment with the 7-bus system (e.g., Test 1) only included the 3.0-kW PHIL inverter, scaled to a 30 kW device. The ESC parameters for each of the tests are given in Table I . The low-pass filter for this test was effectively disabled, but the results show the ES controllers modulating their reactive power outputs to reduce system voltage levels to the predetermined target (V n ), as shown in Fig. 6 . After 190 s, the inverter had tracked to the maximum absorptive PF (0.85). For this experiment, the ESC loop time was ∼1.2 s.
In the second experiment, the simulated EPRI equipment was added to the simulation. This did not substantially increase the loop time of the SVP calculations as the client server interfaces are significantly faster than the Modbus communications to the physical device. When multiple DER are participating in the ESC voltage regulation, the individual probing frequencies must be selected so that they do not add or subtract with one another to equal another probing frequency. In this experiment, frequencies of √ 2/200, √ 3/20, and √ 5/40 were chosen, thereby guaranteeing that each device could extract their influence on the objective function to independently optimize their behavior.
The amplitude of the reactive power probe was selected to be 10% of the apparent power nameplate of the devices so a reasonable approximation of the sinusoidal probing signal could be generated around unity PF, given that most of the devices only accept three decimal places in the PF setting. This created a coarse ±0.995 PF sinusoid at the beginning of the simulation (shown by the blocky nature of the reactive power around unity).
By adjusting the windings ratio on the simulated transformer, low-voltage conditions could be created. Like the high-voltage cases, the inverters tracked the reactive power toward nominal, as shown in Fig. 7 . In this case, inverter 4 initially tends in the incorrect direction, but later adjusts to inject reactive power. The J 2 component-designed to prevent multiple solutions-helps with that issue, but, in this case, it was found that the probing signal was too fast for inverter 4.
Also note the objective function resulted in the inverters stopping short of moving the bus voltages to nominal. This is due to the second term in the objective function driving the DER toward unity PF, as shown in Fig. 8 . Interestingly, because of the ESC integrator, the controller has some overshoot and moves past the minima around t = 400 s and settles into a suboptimal solution, albeit one with voltages closer to nominal (this phenomenon can likely be alleviated with further tuning of the objective function and ES control loop parameters.
A major question associated with the ESC approach is how irradiance changes will affect the performance of the controller. To investigate this question, the physical inverter was connected to a 2.8 kW monocrystalline array on a partly cloudy day (resulting in power changes of ∼900-2300 W) and the EPRI PV simulators were run with a recorded irradiance profile from a site on the US East Coast with 1-s resolution. The irradiance profiles were slightly shifted and scaled for each of the PV systems to represent spatial differences in the sites, as shown in Fig. 9 .
As shown in Fig. 10 (a) and (b), the irradiance does not affect the results significantly because the integrator in the ESC allows the controller to ride-through periods of time when the inverter cannot generate the target reactive power. The noticeable influence of the changing active power on J 1 is shown at the beginning of the simulations in Fig. 10(b) . Also, assuming the inverter is constrained to a specific PF limit, the capability of the inverter to produce reactive power is roughly proportional to irradiance, so only for large |u| values is the reactive power output of the inverter affected. It should also be noted that the solar variability will only match the probing signal frequencies for short durations, so this will have limited effect on ESC errors.
B. PNM Feeder Results
For the public service company of New Mexico (PNM) feeder model, three 3-phase simulated inverters were used to represent the 258 kW, 1 MW, and 10 MW plants. Seven locations on the feeder were selected to have virtual voltage measurement equipment, as shown in Fig. 3 with the red buses. Since this model was three-phase, the V i term of the objective function was calculated as the average of the line-to-neutral voltages and V n was 7.2 kV. While the PNM feeder does not experience high-voltage situations normally, the substation load-tap changing transformer was adjusted to generate a high-voltage initial conditions. Note this system starts well above the ANSI C84.1 Range A limit (105% V n ) [8] .
For the PNM feeder, the ESC brings the feeder voltages within the ANSI limits for both the 1000 W/m 2 and variable irradiance tests, as shown in Fig. 10(c) and (d) . For this experiment, the PF range for the inverters was ±0.2, so it was rare that u could not be reached. In other experiments with reduced PF limitsû still tracked well but u could not be reached at times, as shown in Fig. 11 . Only in very low irradiance conditions will the reactive power range around unity be affected, so the inverter will most likely initially derive the correct direction of travel from the probe (i.e., theû sign).
The greatest challenge with variable solar production is tracking the available power limit (vertical line in Fig. 5 ), which is necessary to set the correct PF to deliver the target reactive power, u. At times when the inverter is operating off the maximum power point, the power limit is not known. For this paper, a simple tracking algorithm was used to estimate the available power; however, there were times when this method failed to estimate the power limit of the inverter and the PF setting temporarily produced undesirable reactive power levels, as shown in Fig. 10(b) and (d) . However, these errors are quickly corrected by the controller as the estimated available active power limit is recalculated. 
V. CONCLUSION
An ESC is a decentralized optimization method for nonlinear, multiagent systems that has shown promise power system voltage regulation simulations and preliminary laboratory experiments. In this paper, the ESC was employed for voltage regulation on two distribution feeders using a PHIL test platform, in which the controller adjusted the reactive power of both physical and simulated PV systems with realistic communications interfaces. The results indicate ESC is effective at adjusting the reactive power of multiple PV inverters during variable irradiance conditions. Future work should include longer duration PHIL simulations (days to weeks) to demonstrate the method during low power conditions and changing optimal setpoints. With positive results, ESC field demonstrations with utility partners should be conducted to validate the voltage regulation methodology on live power systems.
